The ability to use lactate as a sole source of carbon and energy is one of the key metabolic signatures of Shewanellae, a diverse group of dissimilatory metal-reducing bacteria commonly found in aquatic and sedimentary environments. Nonetheless, homology searches failed to recognize orthologs of previously described bacterial D-or L-lactate oxidizing enzymes (Escherichia coli genes dld and lldD) in any of the 13 analyzed genomes of Shewanella spp. By using comparative genomic techniques, we identified a conserved chromosomal gene cluster in Shewanella oneidensis MR-1 (locus tag: SO1522-SO1518) containing lactate permease and candidate genes for both D-and L-lactate dehydrogenase enzymes. The predicted D-LDH gene (dld-II, SO1521) is a distant homolog of FAD-dependent lactate dehydrogenase from yeast, whereas the predicted L-LDH is encoded by 3 genes with previously unknown functions (lldEGF, SO1520 -SO1518). Through a combination of genetic and biochemical techniques, we experimentally confirmed the predicted physiological role of these novel genes in S. oneidensis MR-1 and carried out successful functional validation studies in Escherichia coli and Bacillus subtilis. We conclusively showed that dld-II and lldEFG encode fully functional D-and L-LDH enzymes, which catalyze the oxidation of the respective lactate stereoisomers to pyruvate. Notably, the S. oneidensis MR-1 LldEFG enzyme is a previously uncharacterized example of a multisubunit lactate oxidase. Comparative analysis of >400 bacterial species revealed the presence of LldEFG and Dld-II in a broad range of diverse species accentuating the potential importance of these previously unknown proteins in microbial metabolism.
The ability to use lactate as a sole source of carbon and energy is one of the key metabolic signatures of Shewanellae, a diverse group of dissimilatory metal-reducing bacteria commonly found in aquatic and sedimentary environments. Nonetheless, homology searches failed to recognize orthologs of previously described bacterial D-or L-lactate oxidizing enzymes (Escherichia coli genes dld and lldD) in any of the 13 analyzed genomes of Shewanella spp. By using comparative genomic techniques, we identified a conserved chromosomal gene cluster in Shewanella oneidensis MR-1 (locus tag: SO1522-SO1518) containing lactate permease and candidate genes for both D-and L-lactate dehydrogenase enzymes.
The predicted D-LDH gene (dld-II, SO1521) is a distant homolog of FAD-dependent lactate dehydrogenase from yeast, whereas the predicted L-LDH is encoded by 3 genes with previously unknown functions (lldEGF, SO1520 -SO1518)
. Through a combination of genetic and biochemical techniques, we experimentally confirmed the predicted physiological role of these novel genes in S. oneidensis MR-1 and carried out successful functional validation studies in Escherichia coli and Bacillus subtilis. We conclusively showed that dld-II and lldEFG encode fully functional D-and L-LDH enzymes, which catalyze the oxidation of the respective lactate stereoisomers to pyruvate. Notably, the S. oneidensis MR-1 LldEFG enzyme is a previously uncharacterized example of a multisubunit lactate oxidase. Comparative analysis of >400 bacterial species revealed the presence of LldEFG and Dld-II in a broad range of diverse species accentuating the potential importance of these previously unknown proteins in microbial metabolism.
central carbon metabolism ͉ genome context analysis ͉ lactate dehydrogenase M any aerobic and anaerobic bacteria are able to grow by using D-and/or L-lactate as a sole source of carbon and energy (1) (2) (3) (4) . Although lactate is a common product of carbohydrate fermentation (5, 6) , it is rarely detected in environmental samples (7, 8) , suggesting that it is either a minor metabolic product or that its conversion rates are very high. In support of the latter possibility, Finke et al. (9) recently reported constant production and consumption of lactate in marine sediments, linking its high turnover rates with microbiological reduction of sulfate and metals.
Among microorganisms actively coupling lactate oxidation to the reduction of multiple electron acceptors is a diverse and ubiquitous group of dissimilatory metal-reducing bacteria, which belong to the genus Shewanella (10) . Shewanellae are commonly found in complex microbial communities within aquatic and sedimentary systems, many of which are subject to spatial and temporal variations in the type and concentration of organic and inorganic substrates that reflect redox gradients (10) . The versatile flexibility of energygenerating pathways, which enables respiration of various electron acceptors including O 2 , Fe(III), Mn(IV), thiosulfate, elemental sulfur, and nitrate, contributes to the ability of Shewanella to compete and thrive in such environments (11) . Analysis of the Shewanella oneidensis MR-1 genome sequence revealed an extensive electron transport system, which includes 42 putative c-type cytochromes that are likely involved in a broad range of energy conversion reactions (12) . This anticipated diversity is matched by a variety of inferred pathways for catabolism of carbohydrates, organic acids, fatty acids, amino acids, peptides, and nucleotides (13) . Although many of these genomic predictions are supported by physiological, biochemical, and genetic experimental data (14-16), significant gaps in core metabolic pathways of S. oneidensis MR-1 remain. Surprisingly, the genome similarity searches failed to corroborate the physiological observations for lactate utilization, because no homologs for previously characterized bacterial D-and L-lactate dehydrogenases could be identified in MR-1 or any of the other sequenced genomes of Shewanella spp (13) .
The paucity of information on lactate metabolism in Shewanellae prompted us to address this conundrum by combining metabolic reconstruction and comparative genomic analyses with genetic and biochemical techniques for the detailed analysis of lactate utilization mechanisms. By employing the subsystems approach (17) , which allows to efficiently reconstruct metabolic pathways and discover novel genes using the comparative genomic techniques (18), we report a discovery of a gene cluster encoding novel enzymes required for oxidation of D-and L-lactate to pyruvate in a large number of diverse bacteria. Function of these enzymes, named Dld-II and LldEFG, respectively, was further experimentally verified in S. oneidensis MR-1. Fig. S1 A and B) .
Results

Initial Physiological and Genetic Characterization of
Despite the demonstrated ability of S. oneidensis MR-1 to grow on D and L forms of lactate, similarity searches of 13 sequenced Shewanella genomes failed to identify orthologs of experimentally characterized bacterial D-or L-lactate-oxidizing enzymes. Although a gene annotated as putative lactate dehydrogenase (LDH) (SO0968, ldhA) is present in the MR-1 genome, it belongs to a family of fermentative D-LDHs. Members of this family have been shown to function mainly in the opposite direction catalyzing the formation of lactate from pyruvate coupled to NADH oxidation (19) . Both phenotype data for a ldhA knockout strain and biochemical assays (SI Materials and Methods) confirmed that LdhA does not contribute to the ability of S. oneidensis MR-1 to use D-and L-lactate, therefore leaving the identity of Shewanella respiratory LDH enzyme(s) in question.
Comparative Genome Analysis Predicts Novel Lactate Utilization
Genes. We used genome context analysis techniques including chromosomal gene clustering, transcriptional regulons, and gene occurrence profiles (18, 20) to tentatively identify the missing components of lactate utilization machinery in Shewanella spp. The results of this analysis, carried out across Ͼ400 sequenced bacterial genomes in the SEED database (17) , are available online (http:// theseed.uchicago.edu/FIG/subsys.cgi, under the ''Lactate utilization'' subsystem) and illustrated in Table 1 and Table S1 . Notably, the lactate permease lldP gene (21) appears to be the most conserved component of lactate utilization pathways. Respective genes could be readily identified in Ϸ150 diverse bacterial genomes, including all Shewanella spp. and many other species that lack orthologs of L-LDH (lldD) and/or D-LDH (dld) genes. In Escherichia coli, lldP occurs in an operon with lldD and lldR ( Fig. 1) , where the latter encodes L-lactate responsive transcriptional regulator (22) . Whereas similarly organized chromosomal clusters are found in many bacterial genomes, a different pattern of gene conservation is observed in the genomic neighborhood of the lldP gene in many species that do not contain lldD homologs. In S. oneidensis MR-1, one of the two copies of lldP (SO1522) is found in a conserved chromosomal cluster with 4 previously uncharacterized genes (SO1521, SO1520, SO1519, and SO1518). The entire cluster is present in all analyzed Shewanella genomes, with the exception of S. denitrificans, the only member of the group unable to grow on either D-or L-lactate (data not shown). Conservation of this cluster, with some variations, was also detected in a number of diverse bacteria such as Pseudomonas fluorescens and Vibrio vulnificus ( Fig. 1 and Table 1 ), providing strong evidence for its involvement in lactate utilization.
Genomic organization and unique phylogenomic occurrence profiles of genes from the SO1522-SO1518 chromosomal locus suggest that the SO1521 and SO1520-SO1518 could correspond to 2 distinct enzymatic activities. The putative SO1521 protein revealed a long-range homology (23% amino acid sequence identity) with the yeast D-LDH (DLD1) (23) . Both proteins share the FAD-binding (Pfam accession no. PF01565) and FAD-linked oxidase (PF02913) domains, whereas SO1521 has an additional C-terminal 4Fe-4S-binding domain (Fig. S2) . In contrast, no appreciable sequence similarity was observed between SO1521 and E. coli D-LDH (Dld), although both of them contain an N-terminal FAD-binding domain. Orthologs of SO1521 were detected in 48 bacterial genomes, often clustered with lldP. Although the stereospecificity of LldP transporters in Shewanella (as well as in many other species) has not been experimentally characterized, the study in E. coli revealed that LldP has comparable affinities toward both, L-and D-lactate, as well as D-glycolate (24) . Analysis of the phylogenomic occurrence profiles (20) showed that, with the exception of 3 species (Photobacterium profundum, Propionibacterium Representative species in several taxonomic groups of bacteria are shown as rows and the number of genomes analyzed within a group is given in parentheses. The presence or absence of genes for the respective functional roles (columns) is shown by ϩ or Ϫ. For E.coli K12 and S. oneidensis MR-1, the gene names are indicated instead of ϩ. Numbers for taxonomic group rows indicate the number of species that have a gene ortholog. Genes clustered on the chromosome (e.g., operons) are outlined by matching background colors. The genes corresponding to the lactate-specific regulators are R1 (orthologs of known LldR E. coli regulator), R2, R3, R4, and R5 (novel predicted regulators). Genes predicted to be regulated by one of these lactate regulators are marked in red.
acnes, and Brevibacterium linens), the SO1521 and dld genes were never found simultaneously in the genomes (Table 1 and Table S1 ). A combination of these observations allowed us to predict that SO1521 represents a novel family of bacterial D-LDH, and therefore was tentatively designated as dld-II to distinguish from the nonhomologous dld gene of E. coli.
Next, our analysis revealed that orthologs of genes SO1520, SO1519, and SO1518 have identical occurrence profiles and always form a putative operon conserved among 105 bacterial genomes (Table 1 and Table S1 ). This putative operon is often found in chromosomal clusters with lldP and either a newly predicted (dld-II) or a canonical (dld) form of D-LDH (Fig. 1 ), but never with members of the known L-LDH family (lldD). Moreover, a clear anticorrelation observed in the occurrence profiles of SO1520-SO1518 and lldD genes in several groups of bacteria (e.g., in Vibrionales and Pseudomonadales) additionally indicates their possible involvement in L-lactate metabolism. Long-range homology analysis revealed a distant similarity of SO1520 protein with iron-sulfur subunits of glycerol-3-phosphate dehydrogenase (G3PDH) and glycolate oxidase (genes glpC and glcF in E. coli) including the presence of 2 cysteine-rich domains (PF02754). Whereas both SO1519 and SO1518 proteins contain a conserved domain of unknown function (PF02589), SO1519 also contains a 4Fe-4S-binding domain (PF00037), suggesting a possible role in electron transfer (Fig. S2) . Based on these observations, we concluded that SO1520-SO1518 genes are likely to encode a novel tripartite L-LDH in S. oneidensis MR-1 as well as other bacterial species. The newly identified genes were putatively designated as lldE, lldF, and lldG (operon lldEFG) by analogy with the canonical L-LDH (lldD) and to indicate a connection with previously uncharacterized homologous genes in E. coli (ykgEFG operon).
A comparative genomic reconstruction of lactate utilization machinery allowed us to predict a number of transcriptional factors that are likely involved in regulation of lactate utilization in several diverse groups of bacteria. Reconstruction of lactate regulons and identification of candidate transcription factor-binding sites was done using the Genome Explorer and SignalX software (22) as described in SI Materials and Methods. Lactate regulons inferred in several lineages of ␥-and ␤-proteobacteria contain various combinations of known (lldP, dld, and lldD) and newly predicted (dld-II and lldEFG) genes (Fig. 1 ). They were predicted to be regulated by orthologs of the E. coli transcription factor LldR (R1) that are usually encoded within the respective gene clusters by similar DNA signals with a consensus sequence AATTGGnnnnnCCAATT, where ''n'' denotes any nucleotide (25) . On the other hand, the lactate utilization genes in other lineages were predicted to be controlled by nonorthologous transcription factors from the same (GntR) or another (LysR) family recognizing quite divergent DNA motifs ( Fig. 1 and Table S2 ). For example, in Shewanella spp. the putative transcriptional regulator R2 from the LysR family was predicted to control the expression of the lldEFG operon. Although the SO3460 regulatory gene (R2) is not adjacent to the lactate catabolic genes in S. oneidensis MR-1, its functional assignment is supported by chromosomal clustering of R2 and lldEFG genes in 3 other Shewanella spp. (e.g., S. frigidimarina) and by gene cooccurrence profile. In Bacillus subtilis this operon is located remotely from the lactate permease gene that forms a divergon with a putative lactate regulator of the GntR family. Nevertheless, the presence of the recognizable DNA signal suggests that together they form a lactate regulon conserved among many Gram-positive bacteria. Although the effectors of various predicted transcription factors for lactate-utilization genes have not yet been experimentally tested, the difference in their regulon content suggests that these regulators may sense different stereoisomers of lactate. In summary, the bioinformatic analysis of putative lactate regulons provided us with additional genomic evidence for the suggested functional assignments of the novel dld-II and lldEFG genes.
Mutagenesis Corroborates Predicted Lactate Utilization Genes in
S. oneidensis MR-1. To test the role of the inferred lactate dehydrogenase genes in S. oneidensis MR-1, the respective chromosomal deletion mutants were constructed and tested for their ability to grow with D-or L-lactate (Fig. S1 C and D) . An in-frame deletion of the gene encoding D-LDH (⌬dld-II) abolished the growth of the resulting strain on D-lactate but did not affect its growth on L-lactate. Conversely, ⌬lldE, ⌬lldF, and ⌬lldG mutants of S. oneidensis MR-1 could not grow with L-lactate whereas their growth on D-lactate was not impaired. All 4 mutants (⌬lldE, ⌬lldF, ⌬lldG, and ⌬dld-II) accumulated Ϸ50% less biomass compared with the wild type when grown aerobically on minimal medium supplemented with D,L-lactate (data not shown). Moreover, a ⌬dld-II⌬lldF strain lost the ability to grow on and oxidize either lactate stereoisomer alone or as a mixture under aerobic or anaerobic conditions, nor did it produce any oxidation products such as pyruvate or acetate. Complementation of the ⌬dld-II⌬lldF double mutant by using pBBR1MCS-5 plasmid constructs constitutively expressing dld-II and lldEFG restored the growth of MR-1 on D-lactate and L-lactate, respectively (data not shown).
To investigate potential interactions among the components of the putative LldEFG complex, affinity-tagged LldE was expressed in the ⌬lldE mutant. Pull-down experiments resulted in the copurification of the recombinant LldE with 2 predominant proteins whose molecular weights corresponded to those predicted for LldF and LldG (Fig. S3) . Although this evidence strongly suggests the existence of an LldEFG complex, further experiments will be necessary to determine the exact biochemical properties of this novel enzyme. Together, both co-purification and genetic evidence suggests a multiunit composition of the S. oneidensis MR-1 L-LDH enzyme. (Table  S3 and Fig. S4) . Similarly, expression of lldEFG from MR-1 successfully complemented the L-LDH deficiency and restored the robust growth of ⌬lldD on L-lactate. All 3 lldEFG genes appeared to be required for the functionality of the L-LDH enzyme, because no appreciable growth was observed when only 1 (lldE) or 2 (lldEF) genes were used to complement the E. coli ⌬lldD mutant (Fig. S4) .
Heterologous-Host Complementation Supports
Our results indicate that dld-II of S. oneidensis MR-1 encodes a fully functional D-LDH enzyme, whereas the L-LDH activity is linked to the expression of a 3-component enzymatic complex encoded by lldEFG. Remarkably, the putative LldEFG complex of MR-1 also partially restored the ability of E. coli ⌬dld mutant to grow on D-lactate, suggesting a presence of both L-and D-LDH activities. To further elucidate substrate specificity within the novel L-LDH family, we extended our studies to the previously uncharacterized ykgEFG operon from E. coli, which is orthologous to lldEFG. Notably, expression of ykgEFG from a high-copy pBAD-TOPO plasmid also restored the ability of the E. coli ⌬dld mutant to grow on D-lactate (Table S3 and Fig. S4 ). Although the cause of such dual activity is unknown, it does not appear to be physiologically relevant in S. oneidensis MR-1. Complementation of S. oneidensis MR-1 ⌬dld-II⌬lldF with ykgEFG carried on a low-copy broad-host range plasmid pBBR1MCS-5 restored the ability of the double mutant to use L-lactate but not D-lactate (data not shown). These observations suggest that the actual substrate stereoselectivity, e.g., preference for L-lactate over D-lactate, in the novel class of 3-component LDH enzymes (LldEFG) may be partially dictated by the genetic background and additional unknown factors expressed in the heterologous intracellular environment.
In Vitro Activity of the Novel D-LDH and L-LDH Enzymes.
To extend the genetic findings and provide biochemical evidence to the proposed gene assignments, LDH activities were assayed in crude cell extracts of aerobically grown S. oneidensis MR-1 and E. coli DH10B cultures. In comparison to the S. oneidensis MR-1 wild-type cells, which exhibited high activities of both D-and L-LDH, ⌬dld-II and ⌬lldF mutants displayed only one of the corresponding activities, whereas the other decreased by Ͼ90% ( Table 2) . As expected, little or no D-or L-LDH activity was measured in ⌬dld-II⌬lldF extracts.
The same assays were applied to crude extracts of E. coli DH10B strains carrying dld-II, lldEGF, or ykgEFG genes on a high-copy number pBAD-TOPO plasmid. Under conditions of the experiment, expression of dld-II in trans led to a nearly 4-fold increase of D-LDH activity as compared with the control strain carrying empty pBAD vector (Table 2) . Similarly, Ͼ11-fold increase in L-LDH activity and a 4-fold increase in D-LDH activity was detected in the strain expressing the lldEGF genes. Finally, the plasmid-driven expression of the E. coli ykgEFG operon was accompanied by a comparable 3-to 4-fold increase of both activities. Analysis of reaction mixtures showed that pyruvate was the product in all Dld-II, LldEFG, and YkgEGF catalyzed reactions, confirming their function in lactate oxidation. These results are consistent with growth phenotype data suggesting that both S. oneidensis MR-1 lactate utilization systems, Dld-II and LldEFG, display stringent stereoselectivity when expressed in their native host. However, both representatives of the novel L-LDH class, LldEFG from S. oneidensis MR-1 and YkgEFG from E. coli, displayed an appreciable D-LDH activity when expressed in E. coli K12. In contrast to S. oneidensis MR-1, where the central role of the lldEFG cluster in lactate utilization is obvious, the actual physiological role of the ykgEFG operon in E. coli remains unclear.
Mutagenesis Corroborates the Predicted Role of Lactate Oxidation
Genes in B. subtilis. The ability to use lactate as the sole source of carbon and energy was previously reported for B. subtilis (27) , whereas respective LDH genes remained unknown in this wellstudied organism. By using genomic reconstruction of the lactate utilization machinery, we identified a single candidate L-LDH enzyme in B. subtilis, LldEFG, which is encoded by the yvfV-yvfWyvbY (locus tags: Bsu3402-01-00) gene cluster. The respective gene knockout strains, yvfV(lldE)::MUTIN2, yvfW(lldG)::MUTIN2, and yvbY(lldF)::MUTIN2, were used for in vivo verification of the predicted 3-component L-LDH enzyme in B. subtilis. Each resulting mutant showed no growth on L-lactate as a single carbon source (Fig. S5) , thus leading to a conclusion that all three components of the putative B. subtilis LDH enzyme are indispensable for utilization of L-lactate.
Discussion
One of the challenges in sequence homology-based functional annotation lies in the complex gene-enzyme relationship where sequence similarity does not always translate into identical activity and, moreover, cellular role. The availability of genome sequence information from related organisms provided us with a new way for applying comparative genomic approaches to develop robust predictions of biochemical and physiological functions. Here, we used genome context analysis in conjunction with physiological, genetic, and biochemical techniques to uncover novel lactate utilization machinery in S. oneidensis MR-1. The identified genes, dld-II (SO1521) and lldEFG (SO1520-SO1518), encode fully func- 
The activity was measured in crude cell extracts by a coupled chromogenic assay using 5 mM D-or L-lactate as an electron donor and a mixture of artificial acceptors, PMS and MTT. The activity monitored spectrophotometrically at 570 nm was normalized by the total protein concentration in crude cell extracts. Data shown are means Ϯ standard deviations of 3 independent measurements. *E. coli DH10B, which encodes the wild-type copies of dld and lldD, carrying the empty pBAD vector was used as a negative control.
tional D-and L-LDHs, which catalyze the oxidation of the respective lactate stereoisomers to pyruvate. Both are novel enzymes, nonhomologous to previously characterized bacterial lactate dehydrogenases, such as those encoded by the dld and lldD genes in E. coli. Although we were able to unambiguously identify the physiological role of both Dld-II and LldEFG in S. oneidensis MR-1, important mechanistic details including the composition and interactions of these enzymes with other components of the respiratory chain are yet to be elucidated. A distant homology with the eukaryotic D-LDH (28, 29) , including the presence of FAD-binding and FAD-linked oxidase domains, suggests that the bacterial Dld-II may be mechanistically similar to flavin-dependent oxidases. In yeast, the activity of mitochondrial DLD1 enzyme is linked to the respiratory chain through ferricytochrome c acting as an electron acceptor. A distinctive feature of the bacterial Dld-II is the presence of an additional C-terminal cysteine-rich domain distantly related to the GlpC subunit of G3PDH enzyme. Interestingly, 2 of the 3 proteins composing the tripartite L-LDH, LldE, and LldF, also contain domains with distant homology to GlpC. Although the exact role of these 4Fe-4S cluster binding domains in the functioning of S. oneidensis MR-1 D-and L-lactate dehydrogenases is unclear, it is plausible to suggest that they may contribute to the interaction with electron acceptors, most likely cytochromes. These interactions may be of particular importance for Shewanellae that have an extremely rich repertoire of cytochromes (12) and could explain some of the difference in growth rates on D-and L-forms under aerobic and anaerobic conditions. Despite the apparent essential contribution of LldE, LldF, and LldG to L-LDH activity as well as the predicted multisubunit nature of the enzyme, the contribution of each component remains to be experimentally determined. It is possible that 1 or 2 of the proteins encoded by lldEFG may play a noncatalytic role in the functionality of the active enzyme (e.g., posttranslational modification, membrane attachment, etc.).
The identification of novel D-LDH and L-LDH enzymes, in addition to filling an important gap in the metabolic reconstruction of S. oneidensis MR-1, substantially expanded our knowledge of lactate utilization machinery in a broad range of bacteria. In contrast to Dld-II, which almost never occurs in bacteria containing an alternative D-LDH of the Dld family (Fig. 2) , the phylogenomic distribution of LldEFG revealed 2 distinct groupings. In the first and largest group (Ͼ80 genomes), LldEFG is the only L-LDH enzyme and, as in S. oneidensis MR-1, its major role is likely in utilization of L-lactate. In most of these organisms the lldEFG operon clusters on the chromosome with lldP gene, and it is often predicted to be under control of a lactate transcriptional regulator (Table S1 and Table S2 ). In the second group (Ϸ40 genomes), where both types of L-LDH genes (lldD and lldEFG) are present, only 1 of the 2 occurs in an operon and putative regulon with lldP. For example, the lactate regulon in E. coli includes lldP-lldR-lldD genes (25) , whereas the ykgEFG operon, which is orthologous to lldEFG, is located remotely on the chromosome, and the mechanism of its regulation is unknown. In contrast, the Azotobacter vinelandii operon lldP-lldEFG is clustered and presumably coregulated with divergently transcribed lldR gene, whereas the lldD gene is not co-localized or co-regulated with other lactate utilization genes. Although the genome context analysis may suggest which of the 2 L-LDH forms is primarily associated with the utilization of L-lactate, the exact interpretation of the observed functional redundancy would require a case-by-case investigation. Our data suggest that LldEFG-type enzymes from various organisms potentially have both L-LDH and D-LDH activities, and the factors contributing to their stereospecificity are yet to be elucidated.
The experimental verification and cross-genome projection of functional assignments also revealed a mosaic phylogenetic distribution of various forms of LDH genes in bacteria. Two families of D-LDH enzymes are equally represented in Ϸ100 bacteria from various taxonomic groups (Table S1 ), with only 3 cases of their simultaneous presence in the same genome. The novel L-LDH (LldEFG) is present in Ͼ80 bacteria that do not contain the canonical LldD enzyme, including B. subtilis, for which we confirmed the role of yvfV-yvfW-yvbY genes in L-lactate oxidation. Although the simultaneous presence of lldEFG and lldD genes in Ϸ40 bacterial species including E. coli and Neisseria meningitidis is puzzling, the existence of residual L-LDH activity in ⌬lldD/⌬dld mutant of N. meningitidis (30) is consistent with the proposed L-LDH function of lldEFG operon (Table S1 ). Secondly, the lldEFG (NMB1436-38) operon of N. meningitidis was implicated in the increased resistance to H 2 O 2 (31) . Although no mechanistic explanation linking lldEFG expression with oxidative stress resistance in N. meningitidis is available, we believe an answer to that may lie in the co-factor composition of L-LDH enzymes.
Finally, this study provided another example of the impact of S. oneidensis MR-1 as a model system in genomic reconstruction of metabolism in many bacteria. Whereas the wealth of functional gene assignments and metabolic pathways was historically accumulated using E. coli, which remains a major source of genomic information, the comparative analysis of new genomes reveals a growing number of nonorthologous gene displacements and alternative pathways even in the most central aspects of bacterial metabolism. For example, the analysis of carbohydrate-utilization pathways in the Shewanella genus revealed substantial differences from E. coli at the level of individual enzymes, transporters, and transcriptional regulators (16) . As in the case of lactate utilization machinery characterized in this study, these findings projected over a growing collection of sequenced genomes contribute to a more accurate and comprehensive understanding of metabolism in many diverse bacteria.
Materials and Methods
Strains and Growth Conditions. The list of strains and plasmids used in this study is given in Table S4 . S. oneidensis MR-1 wild-type and mutant strains were routinely cultured at 30°C in tryptic soy broth (TSB; pH 7.4) (32) or M1 minimal medium (15) . The E. coli wild-type and mutant strains were routinely maintained and cultured at 37°C on Luria-Bertani (LB) medium (pH 7.4) and M9 minimal medium (32) . B. subtilis wild-type and mutant strains were routinely grown at 37°C in chemically defined medium containing 20 mM glucose, 50 mg/L tryptophan, 1. MR-1, fumarate was added to a final concentration of 35 mM. The growth of S. oneidensis MR-1, E. coli, and B. subtilis cultures was monitored spectrophotometrically at 600 nm. Organic acids were quantified by HPLC as described previously (15) . The description of materials and reagents used in this study can be found in SI Materials and Methods.
Genetic Manipulations. In-frame deletion mutagenesis in S. oneidensis MR-1 was performed using a previously described method (33) with minor modifications (for details, see SI Materials and Methods). The E. coli K12 knockout strains, generated using a previously published procedure (26) , were obtained from the genome-wide Keio collection. The B. subtilis knockout strains were received from the collection constructed by the joint effort of the Japanese and European Bacillus subtilis Functional Analysis programs. They were obtained by a standard single crossover-based protocol by using PCR-amplified fragments of target genes cloned in pMUTIN2 vector as previously described (34) .
The full-length coding regions of dld-II and lldEGF from S. oneidensis MR-1 and ykgEFG from E. coli K-12 were PCR-amplified and initially cloned into pBAD-TOPO expression vector (Invitrogen). The resulting plasmids were transformed into E. coli K12 ⌬lldD or ⌬dld knockout mutants (26) for the complementation analysis, E. coli DH10B (Invitrogen) for enzyme activity assays, and S. oneidensis MR-1 ⌬lldE for protein-protein interactions analysis (for details see SI Materials and Methods). For complementation studies in S. oneidensis MR-1, dld-II and lldEGF were subcloned into pBBR1MCS-5 broad-host vector (35) downstream of a lac promoter. Complementation studies were performed as described in SI Materials and Methods.
In Vitro Enzymatic Assays. The activities of fermentative D-LDH and lactateoxidizing Dld-II and LldEFG enzymes were assayed in crude cell extracts of S. oneidensis MR-1 and E. coli DH10B carrying arabinose-inducible pBAD-TOPO ldhA, dld-II, and lldEGF constructs. In addition, the fermentative D-LDH activity was measured spectrophotometrically by following the NAD absorbance change at 340 nm using a protein partially purified by a miniscale nickel-nitrilotriacetic acid method (36) . The D-and L-lactate oxidizing activities were assayed using previously published colorimetric techniques using coupling of lactate oxidation to the reduction of phenazine methosulfate (PMS) and 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) (2, 37, 38) . The experimental details describing the preparation of crude cell extracts and the assays can be found in SI Materials and Methods.
Genomes and Bioinformatics Tools. Analysis of the lactate utilization gene distribution, chromosomal co-localization, and co-occurrence profiles was performed using the SEED annotation environment (17) . Results of the analysis are available at http://theseed.uchicago.edu/FIG/subsys.cgi under ''Lactate utilization'' subsystem. Reconstruction of lactate regulons and identification of candidate transcription factor-binding sites was performed using the Genome Explorer software (39) expressing and individual lineage-specific positional weight matrices that have been constructed by a subsystem-oriented approach reviewed in ref. 40 . The Protein Families Database (Pfam) (http://pfam.sanger.ac.uk/) was used to identify conserved functional domains.
